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Chlorination Chemistry. 3. Ab Initio Study of the Reaction of Chlorine Atom with Allene
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Highly correlated ab initio molecular orbital calculations have been used to map out the potential energy
surface of the Ci- allene reaction in the gas phase. Eight transition state structures governing the mechanism
of the title reaction were computed at seven different levels of theory. The results show that UMP2 calculations
are adversely affected by contamination from higher spin states. QCISD(T) calculations illustrate the importance
of correlation including triple electron excitations in the quadratic configuration wave function for obtaining
an accurate description of the potential energy surface. Results computed at the QCISDIGI&LB)/
QCISD/6-3H-G(d,p) level indicate that chlorine atom addition at the center and end carbons of allene are
barrierless processes and that the chemically activaiedgdGdT complex may isomerize through chlorine atom
transfer but not through hydrogen atom transfer. The metathesis transition state corresponding to hydrogen
abstraction by chlorine lies 15 #dol~ above reactants. The isomerization reaction path between the 3-chloro-
1-propen-2-yl and 2-chloroallyl radical adducts lies below the initial reactants, permitting the incipitat C

Cl ensembles to establish equilibrium. Thus, the dominant addition product-bfaiéne is the 2-chloroallyl
radical.

Introduction The Cl atom may react with allene through metathesis and

. . . addition channels,
Gas-phase reactions of chlorine with hydrocarbons play

important roles during the synthesis of chlorinated compounds iy ~—c=cH. + *Cl

in a variety of environments. Consequently, knowledge of their 2 2

elementary reaction rate coefficients and mechanisms is im- — HCl+"CgH; A, H3gg15= —63+ 7 kImol™* (1)
portant for accurate models of industrial manufacturing and

waste incineration. Although the kinetic rate equations of-C1 — CH,CI-C=CH, A HSog15= =71+ 7 kImol™*

C4 alkanes, ethylene, and propene are well represented in the ' (2)
kinetics literaturé, the few rate coefficient measurements of

chlorine reacting with the simple C3 unsaturated species, allene __ . CH.CCI=CH

and propyne, span a limited set of physical conditibrisThe 2 2

understanding of the governing reaction mechanism is also ApHS05.15= —170=+ 9 kImol ™ (3)
incomplete®* More extensive rate coefficient data, extending

to high pressures and temperatures, may become important tavhere reactiorl produces the resonance-stabilized propargy!
future models of incineration processes. Under conditions radical and reaction® and3 form the 3-chloro-1-propen-2-yl
characterized by incomplete mixing, Tsang has suggested thatradical and the 2-chloroallyl radical by chlorine atom addition
the pyrolysis of organic waste may produce unsaturated at the end and center carbons, respectively. Using an infrared
hydrocarbons, including allene, that subsequently react with the diode laser, Farrell and Taatjésneasured the HCI metathesis
chlorine atoms liberated by the oxidation of chlorinated species. yield of reactionl between 295 and 1100 K. At 300 K they
Subsequent reactions of these chlorinated organic products mayound that chlorine addition accounts fer98% of the total
feed reaction sequences that produce an undesirable, highlyeaction. They found that the fractional metathesis yield
chlorinated, inert effluent from incineratot$n an earlier paper  increased with temperature. Above 800 K metathesis accounts
we reported rate coefficient measurements observed in the Clfor all of the reaction. We studied Ct allene using a cavity

+ allene system at 298 K, estimated thermochemical propertiesring-down spectroscopy apparatus that can sensitively detect
of relevant chlorinated products, and proposed a mechanismthe ultraviolet absorptions of the;8.4Cl radical adduct and of

for the Cl+ allene reaction.This paper refines our understand- the propargyl radical.’® At 298 K the 332.5 nm absorption
ing of the Cl+ allene reaction mechanism by describing the band of the propargyl radical was below the apparatus detection
ab initio results of the governing transition state structures. The threshold, indicating that reactidnwas negligible. The ¢Ha-

ab initio data provide a starting point for future estimates of Cl adduct produced strong absorption signals at 242 nm,
the high pressure and temperature rate coefficients of &lene enabling determinations &fCl + CsHa,), andk(CsH4Cl + C3Ha-

by use of master rate equation methéds. Cl) andk(C3H4Cl + O).4
Because chlorine addition to allene may produce two or more
t E-mail: jeffrey.hudgens@nist.gov. CsH4Cl isomers, these rate coefficients are of limited value to
*E-mail: carlos.gonzalez@nist.gov. modeling unless the dominant3i@,Cl isomer product is
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assigned. Thermochemistry favors reactiBnbecause the
2-chloroallyl radical is 100 kdnol~* more stable than the
3-chloro-1-propen-2-yl radical. However, end-product experi-

ments of allene with radicals do not support a simple mechanism

based on radical stability. End-product analyses of radical addi-
tion reactions, RS + allene andCF; + allene, found products
formed mainly by radical addition to the end cartd8al

suggesting that the dominant gas-phase adducts are substitute

vinyl-like radicals. But end-product analyses of Brallene
found the newly added halogen atoms on the center carbon
suggesting that the persistent gas-phase adduct radical is th
more stable 2-bromoallyl radic&.13 These results do not rule
out a third mechanism involving radical addition to both carbon
sites on allene, followed by isomerization to the favored product.

Reactions2 and 3 form incipient ensembles of 3-chloro-1-
propen-2-yl and 2-chloroallyl radicals. Since both radicals are
chemically activated, containing internal energy equal to their
reaction exothermicity, we consider the isomerization channels
involving transfer of a chlorine or hydrogen atom. The 3-chloro-
1-propen-2-yl radical may isomerize, forming the 2-chloroallyl
radical through a 3,2-chlorine transfer, e.g.,

3,2-Cl

CH,CI—C=CH, —— *|CH,~CCI~-CH,

ApHSgg 5= —99+ 9 kdmol™* (4)
A 3,2-hydrogen atom transfer in the 3-chloro-1-propen-2-yl
radical will form the 1-chloroallyl radical

32H

CH,Cl—C=CH, ~ ‘| CHCF-CH--CH,

ApH30515= —1014 9 kImol ™ (5)
and a 3,1-hydrogen atom transfer will form 1-chloro-1-propen-
2-yl:

CH,Cl—C=CH, > CHCI=C—CH,

A HS05.15= —8 + 5 kImol ™ (6)

At low pressures the 1-chloroallyl radical formed by reac&on
will initially contain ~170 k3mol™! internal energy. So, we
also consider isomerization of 1-chloroallyl into the 1-chloro-
1-propen-2-yl radical through a 2,3-hydrogen transfer:

‘|CHCI-CH-—CH, —>CHC|—C—CH

ApHSgg 15= 195+ 8 kdmol ™" (7)

xn
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Although reaction8 is very endothermic, the internal energy
contained by chemically activated 2-chloroallyl radicals may
be expected to fulfill the enthalpy requirement.

Computational Methods and Terminology

All calculations* described herein were carried out with the
aussian 94 and Gaussian 98 program stitéen a Cray C90/
256 super-computer and a 32-processor Silicon Graphics Origin

2000 parallel computer. Fully optimized geometries of reactants,

'intermediates (designated with “IS” prefixes), transition struc-

fures (designated with “TS” prefixes), and products, were
computed with the unrestricted second-order MgtRlesset
perturbation theory (UMPZY, the hybrid gradient corrected
three-parameter B3LYP density functional thedtyand the
quadratic configuration interaction (QCISD) lev&lincluding
single and double electronic excitations. All calculations were
carried out using the 6-31(d,p) basis set®=24 In this work,

we follow the standard notation “Theory/basis” to indicate that
a full geometry optimization has been carried out at the “Theory”
level using the “basis” basis set. In addition, the terms “Theory2/
basis2//Theoryl/basisl” are used to indicate a single point
energy calculation at the “Theory2/basis2” level of theory using
the geometry previously optimized at the “Theoryl/basis1” level.
HMP2 HB3LYP andHQCISP denote the electronic energies of the
fully optimized structures obtained at the MP2/6+33(d,p),
B3LYP/6-31+(d,p), and QCISD/6-31G(d,p) levels, respec-
tively. HPMP2 denotes the MP2 electronic energy computed at
the fully optimized MP2/6-31+G(d,p) geometry after full
annihilation of the spin contaminants using the method of
SchlegeP>28 For each fully optimized MP2, B3LYP, and
QCISD geometry, we performed single point calculations with
the 6-311#G(d,p) basis at the quadratic configuration interaction
level, including single and double electron excitations and a
perturbative correction for triple excitations (i.e., QCISD(T)/
6-311+G(d,p)). The electronic energies obtained from these
calculations are denotddR(M/MP2 HQ(T)/B3LYP gqndHQ(T)//QCISD
respectively. Reaction pathways were computed by the IRC
algorithm of Gonzalez and Schlegél3! as implemented in
the G94 and G98 program suites. Harmonic vibrational frequen-
cies and zero point energy correctionis5(-)'eve!, were com-
puted at the MP2/6-3#G(d,p), B3LYP/6-3%(d,p), and QCISD/
6-31+(d,p) levels. All computational results, presented herein,
contain no empirical scaling of vibrational frequencies or zero
point energies.

In some figures we plofpaH'®v®, the electronic energy of
the IRC reaction path relative to the electronic energies of allene
and the chlorine atom. We note th&$.H'®'® does not include
zero point energy contributions. When zero point energy is
accounted at the stationary points, we quatgH:"®, the

Finally, we consider a reaction scheme composed of threeenergy 40 K of astationary point relative to the initial reactants.

elementary isomerization reactions that transforms the 2-chlo-
roallyl radical into the 1-chloroallyl radical:

‘|CH,~CCI—CH, T CCI—CH,

Ay Hes15= +91 %+ 15 kdmol ™ (8)

rxn

CH=CCI—CH, 2% CHCI=C—CH,

AyH30g.15= +0 £ 7 kImol™* (9)
CHCI=C—CH,—— 324 ‘| CHCF-CHCH,
AyH0g15= —99 %+ 8 kImol™ (10)

For example,

Are|H8(T)//MP2(TS) — HOQ(T)//MPZ(TS) _ HS(T)”MPZ (a”ene)_

H(())(T)//MPZ (C1)

where HQ(WMP2 — pomimP2 4 (HZPEMP2. One table also
reports AregHg"? which was computed usingb""? = HPMP2

+ (HEP5MP2
Results

Thermochemical Properties and Geometry Parameters.
For each stable molecule and persistent radical found in reac-
tions 1—10 Table 1 listsHR(M/QCISD the electronic energy,
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TABLE 1: Ab Initio Results and Thermochemical Data Used to Estimate Relative Energies of Species Involved in the Gi

Allene System

HQm/QCISD (HZPEMP2, AHgP AfH39g 15
species hartreé hartreé kJ mol* kJ mol* enthalpy ref

allene —116.3594047 0.0561710 196+ 5 188+ 5 4

Cl —459.605801% 119.62+ 0.01 121.30+ 0.01 39
(E)—1-chloroallyl radical —576.0262998 0.0592840 1477 138+ 7 4
(2)—1-chloroallyl radical —576.0270409 0.0595580 1457 136+ 7 4
2-chloroallyl radical —576.0249185 0.0584430 1497 139+ 7 4
(E)—1-chloro-1-propen-2-yl radical —575.9915157 0.0594250 2462 238+ 2 4
(2)—1-chloro-1-propen-2-yl radical —575.9945889 0.0606730 2382 229+ 2 4
(E)—2-chloro-1-propen-1-yl radical 240 14 230+ 14 this worl¢
(2)—2-chloro-1-propen-1-yl radical 25% 14 247+ 14 this worlé
3-chloro-1-propen-2-yl radical —575.9909651 0.0605730 2475 238+ 5 4

HCI —460.2642037 0.0070900 —-92.1+ 0.4 —-92.3+04 39
propargyl radical —115.7087396 0.0436430 3414 339+ 4 7

a1 hartree= 2625.50 kdmol~. ® Indicated error is two standard deviationgr(2nd includes systematic errors propagated from the reported
measurements.(H5"9)QC'SP = 0.056039 hartree andHf' 5)B3LYP = 0.055137 hartree! A correction of E = —0.0013382 hartree is added to
account for the spirorbit energy.® Computed using the G2 energies in ref 4QH3,, ,42-chloropropene)= —24.7 kdmol™* from ref 41,
AH3gg1{CoHa) from ref 42, AiH5qq ,{CoHs) from ref 43, and the isodesmic reactiork,4)-2-chloro-1-propen-1-yl+ CoHs — CyHz +

2-chloropropene.

i)
e

D
Figure 1. Schematic of the Ct allene system showing the numbering
system of the atoms.

(H5PHMP2, the zero point energy correction computed at the
MP2/6-3H-G(d,p) level, and\Hz, the experimentally derived

enthalpy of formation. The uncertainty listed with each enthalpy
of formation is the error propagated from the underlying,

for up to seven levels of theory. EadheHy > entry also lists

the spin eigenvalué®[4, evaluated at the fully optimized MP2/
6-31+G(d,p) geometry. EactHi""* entry lists the spin
eigenvalue[¥[J, computed at the fully optimized MP2/6-8G-

(d,p) geometry after full annihilation of spin contaminai§ts:2>28
Table 2 lists ZAVA, the absolute value average energy
difference of the stationary stated,eH'eve! — A gHRM/QCISD
which are summed across each row of Table 2 and divided by
m, the number of listed energies. Calculations that did not
produce a stationary point are excluded from the computation.
SAVA provides a measure of the performance of the lower
levels of theory used in this work relative to the results computed
at the highest level (QCISD(T)/6-3315(d,p)//QCISD/6-31+G-

(d.p)).

previously reported, thermochemical measurements. Because Metathesis and Addition Channels.Reactionsl—3 describe
these errors are presumed to be symmetric about a mean, theéhe three outcomes of the initial interaction of a Cl atom with

listed uncertainties are two standard deviations).(A;Hs are
used to derive the reaction enthalpies of reactibn0, which

allene. Figure 2 depicts the energy diagram for these reactions
at 0 K and summarizes the principal findings of the ab initio

are presented in the Introduction. The energy diagrams presentedalculations. All computational levels found a transition structure
in this paper are based solely on ab initio results. To save for the metathesis reactioh This fully optimized transition

considerable computational resources, we usg P2 in
derivationsA (Hg for the persistent species (Table 1). Sub-
stitution of H5 HMP2 for (H5 QSISO (or (H 5)B3LYP for
(H5PHRCISD) is expected to introduce negligible relative error.
The NIST Computational Chemistry Comparison and Bench-
mark DataBas® lists QICSD/6-31G(d), MP2/6-31G(d), and
B3LYP/6-31G(d) vibrational frequency data sets for nine
chlorinated molecule® The zero point energies computed for
these data sets differ by1%.

During this study we found eight transition state structures
and one intermediate structure associated with reacfleiYs
all of which exhibita’ symmetry of theCs point group. Figure

structure (TS1) leads to HCI and propargyl radical products
through direct abstraction of a hydrogen atom. QCISD(T)/
6-311+G(d,p)//QCISD/6-31+G(d,p) calculations find Arg
HYM'RCISBTS1) = 15 kJ mot?, indicating that a somewhat
sizable barrier impedes direct hydrogen abstraction from allene.
As indicated in Figure 2, we found no evidence for energy
barriers that would inhibit facile addition of the Cl atom onto
the end and center carbons. To examine chlorine addition
reactions2 and 3, we conducted a series of relaxed potential
energy scans at the B3LYP/6-86G(d,p) and MP2/6-31G-
(d,p) levels of theory as a function of carbechlorine distance.
These scans demonstrated that the relative energy diminishes

1 displays the atom numbering system used in this paper for continuously as the chlorirecarbon internuclear distance
geometry descriptions of the transition states and intermediatedecreases fra 4 A to theequilibrium distance¥1.8 A). Given

structures. Supplementary Table 1S lists the fully optimized
geometries obtained at the QCISD/6+43&(d,p) level with

that both addition reactions have negligible energy barriers and
that metathesis reactidrhas an energy barrier of approximately

reference to the atom numbering system. Transition state15 kImol™, we expect chlorine addition to dominate the
geometries obtained at other levels are not reported becauseeactivity at low temperatures. Thus, the incipient products of

these differ only slightly from the QCISD/6-3%5(d,p) struc-

Cl + allene are ensembles of 3-chloro-1-propen-2-yl and

tures. Supplementary Table 1S also lists the electronic energy2-chloroallyl radicals of comparable size.

at the highest level of calculation (usuaMRM/QCISD) HEPE
and the ¥ the imaginary frequency corresponding to the
transition state. Table 2 listaeHE"®(TS), the energy at 0 K
of the transition state relative to the initial reactants;+CGlllene,

For completeness, we note that elementary HCI metathesis
processes involving 3-, 4-, and 5-center transition structures from
the 2-chloroallyl and 3-chloro-1-propen-2-yl radicals may exist.
Since preliminary explorations for these transition structures
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TABLE 2: Energies of Transition States and Stationary Structures Relative to the Initial Reactants, Cl and GH,4, at 0 K

SAVA,2

level, kJ mof?t TS1 TS4a 1S4c TS4v TS4r TS5 TS6 TS7 TS8 kJmolt
AHM/RCISOD 15 -9 -7 -15 —ox 11 29% 118 11% 0
AHYDMP2 26 3 6 -5 —94f e 294 e 120 3
AHGM/ESLYP 12 -12 f f -100 115 292 121 106 1
ArHGE'SPP 34 0 -1 -5 -86° 132 321 139 138 16
AreIHgMng 13 —4 5 —13 —101 e 300 e 114 6

[B=0.76 [RF=0.76 [FF=0.75 [FF=0.78 [FJ=0.75 [$J=0.75 [$)=0.77
Areng"Pz 67 22 7 20 -85 e 303 e 149 23

FE=1.07 [FE=091 [FY=0.76 [FJ=0.95 [FJ=0.86 B4=0.77 [ =0.95
ArHEYP -20 -38 f f -92 100 296 114 113 15

n=TS8

a Average electronic energy differen@AVA = 1/my —1q]AreH'®"e(n) —

AreHRMIRCISN) |, where ab initio calculations that have not obtained

a stationary structure are not included in each average. The differences do not contain zero point energy contribution®. Bezep#xds noted,

the relative enthalpy containsif"5CISP, See text This reaction enthalpy was computed usihtf T)"P?s evaluated at the corresponding fully
optimized MP2/6-3%(d,p) geometries? At ® = 90° structure. See text. MP2/6-3H-G(d,p) structure calculation did not converge to a unique
geometry. See textB3LYP/6-31+G(d,p) calculation found no evidence of a stationary structure. Seest@rmputed withHG""2 = HPMP2 +

(H5"HMP2 evaluated at the fully optimized MP2/6-3G(d,p) geometry.

Initial L
Reactants “‘Y‘H
H (+113)
o H Cl 7N
100 Laad R . I \Ts8 cl
N1 H W H I’ \
—_— - TS1 (+15) \
S ok Gl msan Cleden L
e T T — R RRRRRLLETS FIRTN R RRREE
2 rxnl 7 I”XMZ/// g N \\ rxn&ll !
e \ —
- — 3-chloro- N\ \ 1 (z)-2-chloro-
o o 100} propargyl radical I-propene-2-y1 rxn4 \ \ ' 1-propene-1-yl
I +HCI H Nooamnd | M
e " N , H H
\
< | —— W . “ ) \%
-200F H 2-chloroallyl
+HCI cl H H Cl
H H
Cl

Figure 2. Reaction enthalpy diagrant @ K of metathesis reaction channels accessible as a chlorine atom approaches allene. Reaction enthalpies

are referenced to the reactants ¢€hllene) at 0 K. The values listed in parentheses are the ab ixigled™"?°'S° (kJ-mol%) of the transition state
structures, which include zero point energy contributions. Dashed lines also show the reaction energy barrier of isomerization reaction 4.

were unsuccessful, exhaustive ab initio searches for thesestructure, IRC calculations at the QCISD/6+3#,p) and MP2/

metathesis channels were not pursued.

Isomerization of 3-Chloro-1-propen-2-yl Radicals through
Cl Transfer. Ab initio calculations predict that ensembles of
3-chloro-1-propen-2-yl and 2-chloroallyl radicals establish equi-
librium fairly rapidly by transferring the chlorine atom between
the end and center carbon atoms (reactibasid-4). Isomer-
ization proceeds through changes along fA€[*—C3—C2
coordinate and through rotation abebt which is defined as
the angle of the &H, plane relative to the heavy atom plane
(i.e., ® = 90° + (OC-C?—C3—H’ + OC—-C?—C3-H¥)/2).

6-31+(d,p) levels demonstrated that TS4v connects the 3-chloro-
1-propen-2-yl radical and the 1S4c intermediate structure. Similar
IRC calculations demonstrated that TS4a is connected with
intermediates 1S4c and TS4r. TS4U(CI*—C3—C?) = 97.0°)
resembles the 3-chloro-1-propen-2-yl radical but features a
lengthened terminal €CI bond ¢(CI4—C3) = 2.4 A). 1S4c (-
(CI*—C8—C?) = 76.7) lies between TS4a and TS4v with the
chlorine atom bridging two carbon atom$Gl*—C?) ~ r(CI*—

C3 ~ 2.8 A). TS4a [(CI*—C3—C? = 62.1°) features a
lengthened chlorine bond at the center carbd€I¢—C?) =

Figure 3a diagrams the energy profile of the 3,2-Cl atom transfer 2.4 A). The computed spectrum of the IS4c stationary point

by plotting AparH'®¥®, the electronic energy relative to G
allene, as a function of theCl*—C3—C? angle. Figure 3b plots
AparH'®¥® as a function ofb. The profiles labeled MP2, PMP2,
and QCISD were obtained from internal reaction coordinate
(IRC) calculations at the MP2/6-31G(d,p) and QCISD/6-
31+G(d,p) theory levels. The profiles labeled QCISD(T) were

exhibits positive harmonic vibrational frequencies only, con-

firming that it is a local energy minimum. TS4Cl4—C3—C?

= 36.4) resembles TS4a but is stabilized by a shortene€C
bond ¢(C2—Cl4) = 1.77 A). From TS4r, rotation of the38,
group from® = 90° to ® = 0° provides—65 kJ mof? of
stabilization energy and transforms theHZCl complex into

obtained by rescaling and interpolating the QCISD profiles so the planar 2-chloroallyl radical (Figure 3b). In summary, the

that they intersect thé\,aH(/QCISD energies computed for
each stationary structure. We note tigtH'®"®' contains no
zero point energy contributions.

A cut on the IRC through dominant coordinafé(Cl*—C3—

IRC calculations show that TS4v, IS4c, TS4a, and TS4r
structures reside along a continuous reaction path linking the
3-chloro-1-propenyl and 2-chloroallyl radicals. The lengthened
C—CI bond length and absence of resonance stabilization

C?), indicates that the reaction path goes through transition statesaccounts for the relatively high energies of the TS4v, IS4c, and
TS4v and TS4a (Figure 3a) and intersects a third transition state, TS4a stationary structures.
labeled TS4r, where the reaction path changes over to follow The number of stationary points found along the path of

predominantly coordinaté® (Figure 3b). Starting with the TS4v

reaction4 varies with computational level. Calculations at the
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a) H H
H " )—Q—( % %
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1, \ [N
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3-chtoro- i ! N —_—
-100- 1-propene-2-y! \ ,I (Z)-1-chloro-
H \‘ ) I-propene-2-yl
| H
| | N o " “ | H
100 120 -200 | H {Z)-1-chloroally! H H
2-chloroallyl ACI C C ,deg. (3-chloro-1- cl H
radical propene-2-yl H\Y)W/H Cl
H

N, j | o

H
b) H,quk Figure 4. Reaction enthalpy diagrant 8 K showing channels that
may deplete the 3-chloro-1-propen-2-yl radical through hydrogen
ol "MP2 TS" transfer (reactionS and6) and a channel that converts the 1-chloroallyl
f P! radical to the 1-chloro-1-propen-2-yl radical (reaction 7). Reaction
5 -100 R Y enthalpies are referenced to the separated Cl atom and allene at 0 K.
£ e ek The values listed in parentheses are the ab inkigH™"¢'sP
- 120l ., (kJ'mol?) of the transition state structures, including zero point energy
=< N radical contributions.
3 -140} T mp2
“r .60} = "::Bmm barrier in the MP2/6-3+G(d,p) energy profile. This hypothesis
£ — <_acsem is supported by the fact that a value[®#[J ~ 0.86 is obtained
& P R on the fully optimized structures used to constructhgiH""?
(nonplanar) @, deg. (planar) profile in Figure 3b. Full annihilation of the spin contaminants

] ) } ) at the PMP2 level of theory gives spin eigenvalue$$f] ~
Figure 3. Energy profile governing chlorine atom transfer between ( 7¢ (which are close to the ideal 0.75 for doublets). The

the 3-chloro-1-propen-2-yl radical and 2-chloroallyl radical (reaction . )
4) predicted by ab initio calculations. Energies are referenced to the predicted PMP2 energy profile resembles the QCISD and

separated CI atom and allene energies at the corresponding computaB3LYP profiles exhibiting a maximum a = 90" and no
tional theory level and do not include zero point energy contributions. barrier for rotation tod = 0° (Figure 3b)

(a) Energy profiles as a function @f(CI*—C3—C?). Traces labeled The present ab initio results showing that the 2-chloroallyl
B3LYP, MP2, and QCISD plofpaiH®*MYP, AparH""2, andApaiH P, and 3-chloro-1-propen-2-yl radicals are linked through a con-

respectively, obtained from IRC calculations with the 6-&l(d,p) basis tinuous reaction path supplants our earlier refibrat reaction
set. The trace labeled QCISD(T) is an estimate derived by interpolating 2 proceeds through a surface intersection. The earlier misin-
the QCISD trace so that it intersects thgHAM"CISP computed for )

each diagrammed structure. (b) Reaction path linking TS4r with the terpretation of the potential energy surface arose partly because

2-chloroallyl radical plotted a&,.H'®"® as a function ofb, the internal the scans were conducted mainly along fAéC>—C3-Cl)
rotation of the CH group plane relative to the plane of the heavy atoms coordinate and the coupling between the path and thé, C
of the GH,ClI radical (See text.). torsion was not monitored with sufficient detail. In reality, the

B3LYP/6-31+G(d,p) level failed to find the TS4v and I1S4c  “surface crossing” proposed in our previous sttigya bend in
structures even for optimizations initiated at the fully optimized the reaction path near TS4r due to coupling betweendthe
MP2/6-31-G(d,p) or QCISD/6-3+G(d,p) geometries. More-  (C*H2 torsion) and(C>—C3—Cl) degrees of freedom.

over, IRC calculations at the B3LYP/6-3G(d,p) level that Isomerization of 3-Chloro-1-propen-2-yl Radicals through
followed the reaction path from TS4a (described by increasing H Transfer. Figure 4 summarizes the search for transition states
0(CI*—C3—C?)) terminated at the 3-chloro-1-propen-2-yl radical that may deplete the 3-chloro-1-propen-2-yl radical ensemble
instead of the expected 1S4c intermediate. The inability of through hydrogen transfer. Table 2 lists the barriers found at
B3LYP calculations to predict the existence of the transition each level of calculation. The intrinsic barriers for hydrogen
structure TS4v, in marked contrast to the MP2 and QCISD transfer range between 111 and 293nkdl™, indicating that
calculations, is consistent with previous observations that densityisomerization via hydrogen transfer is unimportant at ambient
functional methodologies tend to underestimate reaction barri- temperature. Transition state structures TS6 and TS7 were found
ers350ur second example involves the potential energy along at QCISD/6-3%-G(d,p), MP2/6-3%+G(d,p), and B3LYP/6-
the ® coordinate (Figure 3b), leading to the isomerization path 31+G(d,p) levels. TS5 was found only at the B3LYP/6+3%-

between TS4r® = 90°) and the 2-chloroallyl radicald = (d,p) level. To estimate the reaction enthalpy of TS5, we
90°). MP2/6-3H1-G(d,p) calculations predict an 8 kJ méIC3H; computed the necessary electronic energies at the.QCISD(T)/
rotational barrier (labeled “MP2 TS” in Figure 3b) @t~ 71°. 6-311+G(d,p)//B3LYP/6-31-G(d,p) level and zero point ener-

At ® = 90° the MP2 calculations predict a stationary structure gies at the B3LYP/6-3tG(d,p) level. The calculations yielded
exhibiting only positive vibrational frequencies. In contrast, the AHZ™"®3-Y"(TS5) = 111 kdmol%, indicating that the in-
B3LYP and QCISD levels of theory predict that TS4r liesbat trinsic barrier for this process lies above €lallene. We note

= 90° and that the Ckigroup rotates into the heavy atom plane that our attempts to optimize the geometry of TS5 at the MP2
(i.e., ® — 0°) in a barrierless fashion. Spin contamination is and QCISD levels did not succeed. Since these MP2 and QCISD
the most likely reason for the existence of the small reaction structure calculations consistently gave nonstationary points with
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geometries similar to the B3LYP structure and since additional suggests the question: “Does a single factor account for the
calculations seemed unlikely to make the relative energy of TS5 large improvement in the reaction barriers?” In previous ab initio
exothermic relative to Ct allene, we did not pursue the MP2  studies of transition states, investigators have attributed barrier
and QCISD geometry optimizations further. The reasons for height energy error to (1) an inaccurate transition state geometry,
the odd behaviors during the MP2 and QCISD optimizations (2) spin contamination of the variational wave function leading
of TS5 are not understood, and further studies dealing with this to an incorrect energy, (3) incomplete capture of the correlation
issue are currently underway. energy, and (4) an inaccurate calculation of the zero point
Isomerization of 2-Chloroallyl Radicals through H Trans- vibrational energy®38 Because QCISD(T) calculations are
fer. Reactions8—10 comprise a reaction scheme that could sensitive to geometry differences, the accord shown by the small
enable the 2-chloroallyl radical to isomerize into the more stable ZAVA (Table 2) confirms that the fully optimized B3LYP,
1-chloroallyl radical. Reactio8, the first step in the reaction ~ MP2, and QCISD geometries have no systematic differences;
scheme, isomerizes the 2-chloroallyl radical into the 2-chloro- so, we discount geometry as the factor governing energy barrier
1-propene-1-yl radical through 1,3-transfer of a hydrogen atom. variations with theory level.
Figure 2 diagrams the predicted transition state structures and Spin contamination contributes the largest error to the MP2
reaction enthalpies. All levels of theory predict the energy of results. We confirm this by comparing barrier&,eHy 2,
TS8 to lie significantly above Ch- allene, AHYM/C!SE. obtained from spin-unprojected UMP2 wave functiofi®(g
(TS8)= 113 kImol-, making reactior relatively unimportant = 0.86-1.07), with the corresponding barriersyeHg"™
for chemically activated gH4Cl adducts at lower pressure and obtained from UMP2 wave functions corrected by annihilation
temperature. Since reacti8ns essentially inactive under these  of spin contaminants$°[J = 0.75-0.78, which are essentially
conditions, reaction8 and10are also unimportant to the overall  values corresponding to a doubl&&[] = 0.75.). Across the
reaction mechanism and their geometries were not optimized.transition states listed in Table 2, these spin-projecteg
HEMP? barriers are typically 1654 k3mol-! lower than the
Discussion corresponding\Hj" > barriers. (Direct comparisons between
Initial Reaction Channels of Cl + Allene. By using the ab ~ AreHo' - and AeHg " are valid because they share the same
initio results to identify the energetically accessible elementary (Hg )M2) Thus, the spin-projected,eiHq"" barriers are in
channels of Ct allene, we can assign the reaction mechanism. good accord with the barriers obtained at higher theory levels.
At all theory levels, the calculations found no evidence for Spin contamination can alter the energetics of a reaction
barriers impeding chloride addition at the end and center sufficiently to produce artifacts similar to the “MP2 barrier” in
carbons. The higher level calculations found a28 kJmol~? the isomerization path of reaction 4 (Figure 3b). We note that
barrier impeding reactiod. These results are in accord with the MP2 method implemented in most available ab initio
the study by Farrell and Taajtes, who observed the metathesisPrograms find optimized molecular structures by using energy
fraction to increase fron¥ 2% to~100% of total reactivity as  9gradients based on spin-unprojected wave functions. This
temperature increased from 300 to 800%K. absence of spin contamination corrections during the calculation
At 300 K the reaction of C#- allene forms mainly chemically ~ of MP2 gradients may account partially for failure of the MP2
activated 2-chloroallyl and 3-chloro-1-propen-2-yl radicals. The method to locate the transition structures TS5 and TS7, which
chemically activated @,Cl ensemble does not contain other Were found at the QCISD level.
isomers because the governing transition state structures, TS5, The effects of incomplete capture of correlation energy is
TS6, and TS8, lie at energies substantially above the initial S€€n by comparing théHAM/QCISD and A HRC!SP results
reactants. Steric factors, not revealed by the calculations, may(Figure 3). As indicated by the largéAVA of 16 kJ-mol~*
cause the incipient 4£,Cl ensemble to contain a ratio of (Table 2), the QCISD calculations systematically overestimate
2-chloroallyl and 3-chloro-1-propen-2-yl radicals that is not in barriers, indicating the importance of triple excitations within
thermodynamic equilibrium. Even so, the highest level ab initio the quadratic configuration interaction formalism. Barriers
calculations indicate that reactions and —4 will restore predicted by the B3LYP/6-3tG(d,p) energies also exhibit a
thermodynamic equilibrium since the isomerization path be- large discrepancyzAVA = 15 k}mol™* (Table 2). Moreover,
tween these persistengt@,Cl isomers and through the transition  the computed barriers lie significantly lower than those predicted
state structures lies below the initial reactants (Figure 2). At by the ArHM/QCISD reference set. The systematic underesti-
equilibrium, the 2-chloroallyl radical should overwhelmingly ~mation of reaction barriers by density functional theories is well-
comprise the gH4Cl ensemble because it4699 k3mol~1 more known and probably arises from deficiencies in the exchange-
stable than the 3-chloro-1-propen-2-yl radical (Table 1). There- correlation functionals. The energy errors of the B3LYP
fore, the ab initio results confirm that the previous]y reported calculation do not seem to affect the OptimiZEd transition state
ultraviolet spectrum and rate coefficients of-€hllene originate  structures. This conclusion is supported by the good accord
from the 2-chloroallyl radical. (smallZAVA) obtained for the computed electronic transition
Energy Barrier Accord as a Function of Theory Level. state energies using the QCISD(T)/6-311(d,p) energy found at
The mechanism of CH- allene is based upon the relative €ach B3LYP/6-3+G(d,p) geometry.
energies of the intermediates and transition states predicted by Because the QCISD(T) calculations at the QCISD, MP2, and
ab initio results at seven levels of theory. Although the intrinsic B3LYP geometries give essentially the same energies, the
barriers computed at the B3LYP, MP2, and QCISD levels differ discord amongheHo?M/QCSE, AgHoMMPZ andAeHeM/83LYP
significantly, single point QCISD(T)/6-31G(d,p) energies  Measures the influence of the zero point energy calcula-
computed for these lower level geometries agree closely. In tions upon the predicted energy barriers. The magnitude of
Table 2 this accord is reflected by the sniBMVA among the ~ this discrepancy is best observed for TS1, TS4a, 1S4c, and
ArgHRBILYP A HQTIIMP2 and A oHRM/QCISD (which do not TS4v for which the average ZPE difference l5{)MP2 —
include zero point energies). (H3PHRCISDx, 8 kJmol (see suplementary material). The
The accord shown by using single point calculations at larger HSPE obtained at the MP2/6-31G(d,p) level accounts
QCISD(T) on the geometries optimized at lower levels of theory for the higher barriers predicted by this theory level. The sparse
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data available for TS1 and TS4a suggest that the ZPE contribu-Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W,;

tions computed at the B3LYP/6-315(d,p) level may agree
more closely with theH5"5)C!SP reference. In summary, the
QCISD(T)/6-3H-G(d,p)//QCISD/6-31G(d,p) method appears
to minimize the errors contributing to transition state energy
barriers, lending confidence in the verity of the predicted
mechanism for the Ct allene reaction.

Supporting Information Available: Table 1S lists the fully
optimized geometries obtained at the QCISD/6-&Ld,p) level
with reference to the atom numbering system of Figure 1. Table
1S also lists the electronic energy at the highest level of
calculation (usuallyHR(M/RCISD) HEPE and thew;*, the imagi-
nary frequency corresponding to the transition state. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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